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Spintronics, or spin electronics, is aimed at efficient control andmanipulation of spin degrees of freedom in
electron systems. To comply with demands of nowaday spintronics, the studies of electron systems hosting
giant spin-orbit-split electron states have become one of the most important problems providing us with a
basis for desirable spintronics devices. In construction of such devices, it is also tempting to involve
graphene, which has attracted great attention because of its unique and remarkable electronic properties and
was recognized as a viable replacement for silicon in electronics. In this case, a challenging goal is to lift spin
degeneracy of graphene Dirac states. Here, we propose a novel pathway to achieve this goal by means of
coupling of graphene and polar-substrate surface states with giant Rashba-type spin-splitting. We
theoretically demonstrate it by constructing the graphene@BiTeCl system, which appears to possess
spin-helical graphene Dirac states caused by the strong interaction of Dirac and Rashba electrons. We
anticipate that our findings will stimulate rapid growth in theoretical and experimental investigations of
graphene Dirac states with real spin-momentum locking, which can revolutionize the graphene spintronics
and become a reliable base for prospective spintronics applications.
G
raphene is a fascinating material, which has attracted great attention because of its unique electronic
properties1,2. In graphene spintronics, many efforts weremade to realize a robust control of electron spins
by, e.g., magnetoelectric coupling or spin-orbit interaction (SOI)3–5. Main hopes were pinned on the SOI
effect, which can be directly observed6,7.
Some interesting phenomena, such as quantum spin Hall effect8, quantum anomalous Hall effect9, and other
phenomena were predicted in graphene. However, the intrinsic spin-orbit splitting in pristine graphene is proved
to be tooweak for producing an observable effect and for realizing practical applications8,10,11. Themajor challenge
in graphene spintronics thus is to lift spin degeneracy of the graphene Dirac states, which makes them spin-
polarized with some spin texture similar to that, e.g., in topological insulators (TIs). In principle, it can be realized
by applying an extrinsic SOI, i.e., by placing the grapnene in a proper medium with a strong spin-orbit coupling.
Numerous previous works, both experimental and theoretical, have been aimed at enhancement of graphene SOI
via, e.g., adatoms deposition9,12–14 or growth of graphene on metal substrates15–19.
Recently, it was shown that the Te-terminated surface of non-centrosymmetric hexagonal-structured polar-
semiconductor compounds BiTeX (with X5Cl,Br,I) meet requirements for spintronics applications, since these
systems hold a giant Rashba spin splitting of a free-electron-like surface state at the C point20–25. The mentioned
bismuth tellurohalides are characterized by ionic bonding with large charge transfer from bismuth to halide- and
tellurium-atomic layers. The spin-split surface states at the Te-terminated surface emerge by splitting off from the
lowest conduction band, owing to the decreasing potential within the near-surface layers20, which is a con-
sequence of strong ionicity. One can expect that deposition of graphene on BiTeX, can result in a strong
interaction and hybridization of the Rashba and Dirac two-dimensional (2D) electrons. In designing such
systems, it is important to match the lattice parameters of the contacting materials. The in-plane hexagonal
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parameter of BiTeCl matches perfectly with the parameter of
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graphene. Thus, the deposited graphene should not
undergo the in-plane strain [Fig. 1(a)]. In the
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structure,
the Brillouin zone of graphene takes a third of the original one
[Fig. 1(b)]. Under this folding, the K-point Dirac cone of graphene
appears as the four-fold degenerate C state [Fig. 1(c)] with linear
dispersion in the vicinity of the Dirac point (Fig. 1(c), the dotted-
line rectangle). Thus, both the Dirac state and the Rashba state of the
pristine substrate [Fig. 1(d)] reside in the Brillouin zone center.
The interaction of the two 2D electron systems results in a strong
modification of the spectra with respect to the constituents (Fig. 2).
In the upper part of the gap, at large kjj the Rashba state of BiTeCl
preserves its original shape, while at kjj=0.1 A˚21 both inner and
outer branches of the Rashba state rapidly become strongly hybri-
dized with graphene cone states. Already at kjj< 0.05 A˚21 they start
to turn into the grephene-derived states completely localized within
the graphene layer and dispersing towards the Dirac point immersed
in the conduction band of the substrate bulk states. In the lower part
of the gap, approaching the C point two of four graphene bands start
to hybridize with the substrate surface state forming a hole-like
Rashba state near the valence band, which is completely localized
within substrate uppermost layers in the vicinity of the C point. Thus,
at small kjj the hybridization of two of four graphene branches with
the Rashba state of the BiTeCl substrate leads to a break of both
branches of the Rashba state in such a way that its degeneracy point
appears near the valence band or, to the contrary, the Rashba states
break two graphene bands. Other two Dirac bands remain
unchanged and are localized in the graphene layer for all kjj. As a
result of these changes, in the middle part of the bulk band gap,
within the energy interval of 70 meV (see yellow stripe in Fig. 2),
two almost degenerate Dirac states of graphene survive. The small
SOI-induced kjj-splitting for the Dirac cones is less then 0.002 A˚21.
The spin structure of the surface states within the C band gap is
shown in Fig. 3(a). As seen in the figure, at large kjj the Rashba
branches preserve the spin polarization of the clean Te-terminated
BiTeCl surface: they demonstrate the counter-clockwise and clock-
wise in-plane helicity for the inner and outer branche, respectively.
At kjj , 0.1 A˚21, where due to hybridization the Rashba branches
turn into the Dirac states and start to be localized at the graphene
layer, the spin helicity of the graphene band hybridizing with the
outer branch becomes the same as that of the inner branch.
Consequently, both hybridized graphene bands have the counter-
clockwise spin polarization. The two remaining non-hybridized
Dirac bands are characterized by the clockwise spin polarization,
as clearly seen in Fig. 3(a). Thus, and this is the main issue of the
present study, the hybridization between the graphene and substrate-
Rashba-split 2D electrons provides the helical spin separation of the
graphene Dirac states.
As was mentioned above, the most interesting feature of the gra-
phene@BiTeCl spectrum is the energy window of 70 meV width,
where the Dirac states of graphene exist only (see yellow stripe in
Fig. 2). The two almost degenerate Dirac states have the same in-
plane spin polarization, which can be clearly seen in Fig. 3(b), where
spin-resolved constant energy contours in the middle of this energy
Figure 1 | Atomic structure of graphene on BiTeCl and electronic
spectra of the pristine graphene and Te-terminated BiTeCl surface.
(a) Top view for the
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graphene on the Te-terminated surface of
BiTeCl. Carbon atoms are shown by dark blue balls; green, maroon, and
yellow balls denote first-layer Te atom, second-layer Bi atom, and third-
layer Cl atom, respectively; (b) Scheme of
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folding of the 2D
BZ of graphene: green and red colors correspond to the 1 3 1 and
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BZs, respectively; (c) Band structure of the
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graphene
(dashed rectangle marks the E(k) region in the vicinity of the C point,
where all graphene bands have the linear dispersion); (d) Electronic
spectrum of the Te-terminated BiTeCl surface. The Rashba-split surface
state is shown by red line, projected bulk band structure is depicted by
green areas.
Figure 2 | Electronic structure of graphene@BiTeCl. Band structure of
BiTeCl (0001) slab with
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graphene on Te-terminated surface. Red
and blue circles denote weights of the states localized in the outermost
three layers (1-st TL) of BiTeCl and in graphene layer, respectively. Shaded
by green color regions indicate projected bulk bands of substrate.
www.nature.com/scientificreports
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window are shown. Both Dirac states, apart from the in-plane
clockwise spin polarization, also demonstrate the presence of the
out-of-plane spin component, which is intrinsic feature of the
spin-polarized states at hexagonal surfaces. The detailed spin texture
is illustrated in Figs. 3(c) and (d). Fig. 3(c) shows the azimuthal
dependencies of the in-plane spin components in the tangent and
normal directions to the inner and outer Dirac contours. One can see
that the tangent component for both bands demonstrates variation
around the value of 0.27, while the normal component experiences
small variations near zero spin value. For both bands, the out-of-
plane spin component Sz [Fig. 3(d)] also varies near zero but the
variations are significantly larger than those for the normal compon-
ent. Nevertheless, the maximal out-of-plane spin values, which are
observed along the C{K directions, are three times smaller than the
magnitude of the tangent in-plane spin component. Furthermore,
the signs of both normal and out-of-plane spin components are
opposite for the inner and outer almost degenerate Dirac contours,
what results in a fully helical net in-plane spin polarization of the
Dirac electrons.
Apparently, the revealed possibility to create the helical spin-
polarized Dirac electrons in graphene opens up new horizons in
the graphene-based spintronics. The mentioned spin texture of the
graphene Dirac states is important to come out as a consequence
of the strong hybridization between graphene and giant Rashba-
split states of the Te-terminated surface of the polar substrate
BiTeCl. Due to excellent matching of lattice parameters of
BiTeCl and graphene, the graphene@BiTeCl system can be easily
realized in practice. The reported energy interval of ,70 meV in
the middle part of the projected bulk energy gap, where the spin-
polarized Dirac states solely exist, is sufficiently enough for spin-
tronics applications. However, it should be noted that this energy
interval in the real system can differ from the density functional
theory (DFT) prediction. As shown both by experiment24 and by
the GW bulk calculations26, the bulk band gap in BiTeCl is a factor
of two larger than that predicted by DFT. Besides, GW bulk cal-
culations modify the Rashba parameters of the bulk bands too,
bringing them close to the experimental values. In turn, it can
affect the Rashba splitting of the surface state, resulting in modi-
fication of the Dirac/Rashba hybridization and, consequently,
altering the hybridization gap in the Rashba state. In order to
actively bring the spin-polarized Dirac states located in the middle
part of the gap into play, the chemical potential of the system
should be decreased by ,350 meV with respect to the Fermi level
obtained in the present calculation. The chemical potential tuning
can be realized by applying an external electric field or by doping
with hole-donating adsorbates. The latter approach seems to be
preferable. As was recently shown for Au/Si system, supporting
Rashba-split surface state, the Fermi level position can be effec-
tively tuned within the range of ,350 meV by choosing appro-
priate adsorbate species27.
Figure 3 | Spin structure of the surface states. (a) The spin-resolved electronic spectrum of the surface states where the filled circles represent the value of
the in-plane spin component (red and blue colors denote positive and negative values of spin, respectively, for mutually perpendicular C{ M and C{K
directions as schematically shown in inset); (b) Constant energy contours for graphene Dirac-cone bands at energy of 2365 meV, marked by dashed
green line in panel (a). Arrows adjacent to the contours denote the in-plane spin component. The out-of-plane spin component is indicated by the colour
with red and blue corresponding to the upward and downward directions, respectively; Azimuthal dependencies of the graphene spin components,
including the in-plane components in the tangent and normal directions to the contours (c) and out-of-plane component (d), inner and outer Dirac
contours shown by blue and red, respectively.
www.nature.com/scientificreports
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In the context of spintronics applications, the revealed remarkable
features of graphene@BiTeCl indicate that the well-defined carrier
spin separation can be introduced into graphene-based devices by
using polar semiconductor substrates with strong SOI. Moreover,
graphene@BiTeCl can come up to take the place of topological insu-
lators in a rich variety of devices utilizing spin-polarized transport,
which were suggested to exploit the spin-helical surface states in TIs
and can make these devices more efficient. Actually, in both cases
(graphene@BiTeCl and TI, like Bi2Se3) owing to p-type doping one
can get the 2D states residing in the projected bulk band gap and
protected from backscattering by helical in-plane spin polarization.
However, graphene@BiTeCl has quite a few advantages over the TI:
the significantly higher Fermi velocity, the larger number of spin
carriers, the essentially stronger localization of the states (the single
atomic layer of graphene versus five or seven atomic layers in TIs),
and the notably weaker dielectric screening of the Coulomb inter-
action between 2D electrons caused by surrounding medium (the
dielectric constant emedium ,10 versus ,25–100 in TIs).
Except the spin-polarized Dirac states in the middle part of the
gap, the surface states in upper and lower parts of the bulk gap may
also be of considerable interest, because in the respective energy
regions the helical Dirac states of graphene and Rashba spin-split
states coexists. Various intriguing physical phenomena related to
decay of elementary excitations in the states with different velocities
can be expected.
Methods
Our calculations were based on the DFT as implemented in the Vienna ab initio
simulation package VASP28. The generalized gradient approximation (GGA) of
Perdew, Burke, and Ernzerhof (PBE) to the exchange-correlation (XC) potential has
been used. The interaction between the ion cores and valence electrons was
described by the projector augmented-wave method29. Relativistic effects, including
spin-orbit coupling, were fully taken into account. To simulate BiTeCl substrate we
consider a 24 atomic layer slab. Hydrogen monolayer was used to passivate the
chlorine side of the slab as was described in Ref. 20. The positions of atoms in the
graphene layer and in three outermost atomic layers of the BiTeCl slab (both along the
z axis normal to the surface and within the xy plane) were optimized including SOI
self-consistently. The equilibrium structure of graphene@BiTeCl, where C-honey-
combs are centered with surface Te atoms, subsurface Bi atoms, and third-layer Cl
atoms (see Fig. 1(a)), has the graphene layer that lies <3.35 A˚ above the substrate
surface layer. The atoms of the deeper layers were kept fixed at the bulk crystalline
positions. The k-pointmesh of 93 93 1was used for the Brillouin zone of the surface
unit cell.
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